Objective-To evaluate the relation between mortality from lymphohaematopoietic cancer and long term, low level exposures to benzene among male petroleum distribution workers. Methods-This nested case control study identified all fatal cases of lymphohaematopoietic cancer among a previously studied cohort. Of the 29 cases, 14 had leukaemia, seven multiple myeloma, and eight non-Hodgkin's lymphoma. A four to one matching ratio was used to select a stratified sample of controls from the same cohort, controlling for year of birth and time at risk. Industrial hygienists estimated workplace exposures for benzene and total hydrocarbons, without knowledge of case or control status, for combinations of job, location, and era represented in all work histories. Average daily benzene concentrations ranged from 
The case reports of Aksoy et al'0-12 and Vigliani'3 strongly implied an excess occurrence of acute myeloid leukaemia (AML) for exposure to benzene which often exceeded 100 parts per million (ppm). Infante et al, '4 who studied rubber hydrochloride workers, was the first to suggest that concentrations < 35 ppm can result in excess risk of leukaemia. In updating the work of Infante et al, Rinsky et al8 and Paxton et al '5 reported an increased risk of leukaemia for workers exposed to more than 40 ppm-y. Most risk predictions261617 for low level exposures are based on this cohort of rubber hydrochloride workers. This is due to the fact that work assignments were relatively well documented, there were few other exposures, and there are relatively few additional data on benzene '8 19 in workers exposed to lower concentrations.
Petroleum distribution workers are exposed to benzene while transferring gasoline and other petroleum products. Exposures are low relative to exposures in rubber hydrochloride,8 shoe manufacturing,'0 and rotogravure2 21 processes. Although petroleum distribution workers have been the subject of previous cohort studies, 22-25 no estimates of exposure to benzene were made. Thus, these studies could not relate leukaemia and other health outcomes to quantitative levels of exposure to benzene.
Findings from a full cohort26 and a subcohort of petroleum distribution workers23 were previously reported. These results indicated that mortality from multiple myeloma was 1 81 times higher than comparable Canadian national rates, and mortality from leukaemia was 1-35 times higher than national rates. Neither result was significant. However, the rate of leukaemia in a subgroup of tanker drivers was 3-35 times higher than the standard rate, and was significant. This study is a nested case control study within the original cohort of marketing and distribution workers.
The present study had a dual purpose. The first was to formulate and test a procedure to generate quantitative exposure estimates for petroleum distribution workers. This objective is the subject of another report. 27 The second objective is to provide new data on the risk of leukaemia in benzene workers with chronic low level exposure to benzene. This paper reports on the second objective.
Methods

CASES
We identified cases from all workers in the cohort study26 meeting the following criteria: (a) died with an underlying cause of death of either leukaemia ( 
ASSESSMENT OF EXPOSURE
Work histories were abstracted from hard copy personnel records for each case and control. The work histories were stripped of all case or control identifiers. A listing of all jobs, locations, and relevant time intervals from the pooled group of cases and controls was given to two industrial hygienists. The industrial hygienists derived workplace exposure estimates for benzene and total hydrocarbons for every combination of job, location, and era. The process is described briefly in this paper, and is detailed further elsewhere. '7 The process started with site characteristics for the 89 study locations. The characteristics included the loading and unloading technology present at the sites over time, the types of materials handled, the typical tasks performed by workers, and typical environmental conditions such as average ambient temperatures. We interviewed retirees to obtain information on sites where records were not available.
The industrial hygienists used historical industrial hygiene surveys for some of the sites to specify "base estimates" applicable to certain scenarios of job, location, and era present in the work histories. The industrial hygienists then applied factors to adjust the base estimates for scenarios in which no past monitoring data were present. Values for the adjustment factors were derived from physical and chemical first principles-for example, Raoult's law-empirical data, or both. In some instances, in which technology or job tasks changed within the time covered by a work history entry, two (or more) estimates were provided to reflect the relevant changes related to exposure for different eras. The final product of the exposure assessment was an eight hour time weighted average estimate for benzene and total hydrocarbons specific for each job, location, and era.
The validity of the estimating method was tested against data from recent industrial hygiene surveys. This was done by comparing exposure estimates from the estimating procedure with results from industrial hygiene surveys carried out during the relevant period. On average, estimates were within 22% of the measured data, and the measured data were within 95% confidence intervals (95% CIs) placed on the exposure estimates.'7 This was judged as reasonable agreement.
We then applied the exposure estimates to each worker's job and location history. We subtracted absentee information from time at work, and then multiplied the intensity estimates by length of time in a job. These results were summed to arrive at a ppm-y estimate for every worker's career. Exposures for controls were only summed up to the corresponding case's date of death. We also lagged exposures by five, 10, and 15 years,'28 to account for the likely latency period and the potential irrelevance of exposures between diagnosis and death.
The industrial hygienists also added information on presumed dermal exposure to hydrocarbons. This was provided in a ranked manner, and kept as a separate index from the estimated inhalation concentrations. The final scheme consisted of a three level ranking indicating low, medium, and high potential for dermal contact to hydrocarbon fuels. We summed the number of years exposed to low, medium, and high dermal contact jobs for each worker, and also categorised each worker according to his highest potential for dermal contact.
Of the 155 workers, 30 (19%) had some missing work history, and 10 (6%) were missing more than half of their work history. We reviewed each of these 30 workers, and interpolated jobs in which a pattern-that is, all office work, consistent driver, or operator changes-could be assumed. We excluded all workers with > 60% of their work history missing and others in which the known work history showed no clear job progression patterns. After these exclusions, the study population consisted of 29 cases (14 leukaemias, seven multiple myelomas, and eight nonHodgkin's lymphomas) and 115 controls. Thus, 93% of the population remained in the analysis.
POTENTIAL CONFOUNDERS
In an attempt to measure other factors which might affect the occurrence of leukaemia, multiple myeloma, or non-Hodgkin's lym- We categorised cumulative exposure in various ways to guard against a cut off point effect. 33 We examined results according to the following schemes with the distribution of exposures in the controls: (a) the quartile distribution, (b) the tertile distribution, (c) four categories split at the median, 75th, and 90th percentiles, (d) ppm-y split at 0 45, 4-5, and 45 ppm-y (the category boundaries correspond to 0-01, 01, and 1 ppm for 45 years), (e) ppm-y split at 0 9, 9 9, and 99 ppm-y (the category midpoints correspond to 0-01, 0O1, and 1-0 ppm for 45 years).
We also examined exposure continuously with a logistic regression model.
Additional models incorporated the potential confounders previously discussed which, when included, either changed the sign of the coefficient of the exposure variable, or increased or decreased the coefficient of the exposure variable by > 25%. The few cases prevented detailed analyses for multiple myeloma and non-Hodgkin's lymphoma. For each model, P values for the score statistic (indicating the goodness of fit of the overall model), as well as the Wald statistic (indicating the significance of each variable in the model), were calculated.
Results Table 1 shows the mean ages (at first exposure and last follow up) and number of years exposed for each lymphohaematopoietic cancer subtype and corresponding controls. As expected, the matched design resulted in cases and controls of comparable ages. On average, the leukaemia cases were three years younger, but cases of multiple myeloma were five years older than their corresponding controls at date of first exposure. Cases were exposed for a similar number of years to the controls; the largest difference was for the cases of non-Hodgkin's lymphoma, who were exposed for about 3-3 years less than their controls. Table 2 shows matched ORs for the 14 category. For cumulative exposure to ben-dermal exposure. zene, the highest risks of leukaemia are found Cumulative exposure to benzene did not in the second quartile (OR 5 06) and middle show a strong relation with leukaemia when tertile (OR 4.37) with no lag, but the ORs regressed separately (OR 1-002/ppm-y, decrease in the highest quartiles and tertile. P < 0 77). The P value for the score statistic The cumulative exposure to benzene with a (P < 0 76) indicates that this model does not five year lag is not calculable in the 0-18-0-49 fit the data well (table 5, model 1). We also exposure category, but is likely to be higher added separate terms into this model for an than in the other categories, again resulting in employee's mean intensity of exposure and a non-monotonic response.
LEUKAEMIA
total duration of exposure. This manoeuvre Table 3 shows the highest exposure cate-produced a non-interpretable result; exposure gories of cumulative exposure to benzene, intensity (OR 2-27/ppm) and duration (OR > 5 5, 8, 20, 45 , and 99 9 (up to 220 ppm-y) 1 07/year) showed a positive relation, yet the which result in ORs of 0-92, 2 11, 0-96, 1U47, OR for cumulative exposure fell below 1'0 and 1 03, respectively for no lag and 0-86, (table 5) . A model with only duration of expo-1-81, 0-96, 1-47, and 1 03, respectively, for sure showed a coefficient of 1 06/year exposed the five year lag. All five of the categories sug-with a 95% CI of 0 99 to 1 14 (table 5 , model gest risks consistent with unity for the highest 4) and resulted in a reasonable overall model exposure group, although the confidence P value (P < 0 10). Thus, for these data, the intervals are extremely wide.
simple measure of duration of exposure was Table 4 shows the risk of leukaemia accord-most closely associated with leukaemia, ing to other exposure variables. Risk did not whereas cumulative exposure to benzene and increase in a consistent way for the mean mean intensity of exposure to benzene did not intensity over a worker's career, for workers explain risk of leukaemia. ever exposed to 0-5-1 ppm or over 1 ppm, nor Next we examined whether exposure above by a worker's highest ranked probability of a certain level was related to risk of leukaemia, Lymphohaematopoietic malignancies and quantitative estimates ofexposure to benzene in Canadian petroleum distribution workers The number of years spent in jobs ranked as having a low, medium, or high probability of dermal exposure was explored in one model. The risks were higher (and closer to significance) for a year spent in a low probability job (OR 1P06/y, P < 0.14) than a high probability job (OR 1-02/y, P < 0O75).
As both cigarette smoking and a family history of cancer were related to leukaemia in the Mantel-Haenszel analyses, we constructed a series of models among cases and controls who had known values for these variables. We then added cumulative exposure, intensity of exposure, and years exposed to these models. As these models are performed on a different set of cases and controls, the results should not be compared with those in table 5 . Table 6 shows results with only the potential confounders (an employee's family history of cancer and whether he ever smoked cigarettes) in the model, as well as models which added exposure to benzene. Adding any form of exposure to benzene did not improve the model, nor was the exposure variable significant. Given that there were some missing data on the confounders, especially smoking status, the results cannot be interpreted strongly. However, there was a suggestion that a family history of cancer and cigarette smoking may be relevant risk factors for leukaemia in these workers.
The original cohort study reported a standardised mortality ratio (SMR) for leukaemia of 3-35 based on five cases who were ever employed as tanker drivers.23 As discussed in the original report, however, that study was based on computerised work histories, Table 9 shows the risk of non-Hodgkin's lymphoma by potential confounders. Half of the cases were employed as clerks or technicians; this produced a relatively high but unstable OR of 4-47. Again, all of the cases with known histories of smoking smoked, although information on smoking was not recorded for two cases (25%) and seven controls (22%). No cases reported a family history of cancer, and most of the cases had fewer than 10 chest x ray films documented in their medical records.
The exposure of cases of non-Hodgkin's lymphoma to benzene and total hydrocarbons was similar to that of their matched controls (table 10) . A relatively high but imprecise OR of 5-85 was found for workers exposed to 0O5-1 ppm benzene at some point in their work history. However, only one case was exposed to > 1 ppm, resulting in an OR of 0 54.
Again, there were too few cases of nonHodgkin's lymphoma to accurately characterise risk through logistic modelling. Like cases of multiple myeloma, all cases of nonHodgkin's lymphoma for whom smoking history was known did smoke, so a model could not adequately incorporate the effect of smoking on risk of non-Hodgkin's lymphoma. 
Discussion
This study was conducted to follow up a previously reported excess of leukaemia in tanker drivers23 and provide new risk information for lower exposure to benzene. There is little direct information on common exposure to predominantly < 1 ppm benzene in modem occupational environments. However, some models predict that excess cases of cancer will occur at these concentrations. 4 For the three lymphohaematopoietic cancer types studied, we did not find a dose response relation for any of five different classifications of cumulative exposure to benzene, with lag periods of 0, 5, 10, and 15 years. Alternate exposure variables, including average exposure intensity, years of exposure at > 0-5 or > 1 ppm, or a ranked estimate of dermal exposure also did not show a dose response pattern. Duration of exposure produced the best statistical goodness of fit among the models with only exposure variables. These results are most consistent with insufficient power to detect a small effect, or a lack of effect for low exposure to benzene (mainly 0Od-1-0 ppm).
For leukaemia, there was some suggestion that non-occupational risk factors (smoking and a family history of cancer) may be important. However, these data were not present for all workers in the study, and need to be interpreted cautiously.
The fact that duration of exposure was more strongly related to occurrence of leukaemia than either intensity of exposure or cumulative exposure can be interpreted in several ways. One interpretation is that prolonged exposure, resulting in repeated insults to stem cells, can finally either trigger or progress neoplastic changes, regardless of exposure intensity. There are few data to support or refute this view, as it would require study of multiple populations exposed to low doses and long durations. Another interpretation is that duration of exposure is easy to classify based on employment records, although intensity of exposure is more difficult. Thus, the surrogate for duration of exposure might be relatively good. However, this would imply that there is no additional value in the intensity estimates, which is doubtful. Specifically, Armstrong et The original cohort23 reported an SMR for leukaemia of 3-35 in tanker drivers. The present study, which used more complete work histories, confirmed that tanker drivers were more prevalent in the case series. When a logistic model restricted to cases of tanker drivers and their matched controls was run, an OR of 1-09 was found for cumulative exposure to benzene. As expected, this OR is higher than the comparable OR of 1-002 for all cases and controls, as tanker drivers were one of the more highly exposed job titles in this study. However, other jobs-such as loaders, warehousemen, and plantmen-were also relatively highly exposed, and were more prevalent in controls than cases. This argues that either the pattern of exposure to benzene in tanker drivers results in a unique risk, or that factors other than exposure to benzene were associated with the original finding.
Subpopulations represented in other studies may have been exposed to similar benzene concentrations as those in our study. The following risks pertain to concentrations < 83 ppm-y, or about 2 ppm for 40 years. Wong'8 reported slight deficits in SMRs of 0-97 (0-14-9 ppm-y), and 0-78 (15-59-9 ppm-y). Bond et al'9 reported an SMR of 1-67 for workers exposed to < 42 ppm-y, but found no cases in those exposed between 42 and 83 ppm-y. Finally, Paxton et all5 reported SMRs of in workers exposed to < 5 ppm-y, and 1-79 in workers exposed to 5-50 ppm-y. The present study, along with these other studies, suggests that risks are either small or nonexistent for < 50 ppm-y. However, these data cannot be used to rule out a risk at these con 42 The evidence for a relation between multiple myeloma and smoking is much weaker, due to the large, negative study in American veterans. 4' There was also a suggestion that a family history of cancer could be a risk factor for leukaemia. However, unlike smoking histories, this measure came primarily from pre-employment physical examinations. Thus, the findings must be interpreted with caution.
Leukaemia has been related to a positive family history of other cancers, but not consistently. Tajima44 found an increased incidence of T cell leukaemia in people with a family history of any cancer, which was stronger in those with a family history of haematopoietic malignancies. Our measure of family history included any cancers in parents, siblings, and children, and only two of the cancers were leukaemia. One study has reported that with a family history of any cancer"5 a significant risk ratio of 2-5 for multiple myeloma exists but our study did not replicate these findings.
The interpretation of this study is hindered by its size. For example, if exposure to benzene caused a twofold increase in risk for (say) the > 45 ppm-y category, this study would have only a 16% chance of detecting this at a 20% exposure rate and a 5% significance level. For 80% power, 90 cases would be needed. We did not regard this as grounds for dismissing this study, simply because we think that few single studies ever provide definitive evidence of a risk or lack of risk. The question must be viewed as a long term one, and we think that this study is an initial step in assessing the extent of risks for longer term lower exposure to benzene.
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